Rheumatoid arthritis (RA) is a synovial hyperplastic disorder associated with Th1-polarized immune disease, eventually leading to the development of pannus, progressive joint destruction, deformity and disability[@ref1][@ref2]. The synovium is the primary site of inflammation in RA, and fibroblast-like synoviocytes (FLS) play pivotal roles in both the initiation and perpetuation of RA[@ref3][@ref4]. The prolonged life span of activated synoviocytes accelerates synovial hyperplasia, pannus, and the destruction of cartilage and bone[@ref5]. In response to inflammatory cytokines such as interleukin (IL)-1β, IL-6 and tumour necrosis factor-α (TNFα), activated synovial fibroblasts produce chemokines which promote inflammation, neovascularization, and cartilage degradation[@ref6][@ref7][@ref8]. Of these cytokines, TNFα plays a major role in the activation and survival of synoviocytes in RA pathogenesis[@ref9][@ref10]. In that context, TNF inhibitors have been widely used in clinic as directly suppressing TNFα release.

However, simple TNF-α blockade fails to directly kill the inflamed FLS in the microenvironment of RA patient. Directing the apoptosis of inflamed FLS or synoviocytes might be an effective therapeutic strategy. Together, unraveling the apoptotic signaling in the inflamed FLS will confer insights into developing novel RA therapeutics.

Of the synovial apoptosis-inducers, statin has been one of the promising candidates[@ref11][@ref12]. The apoptosis might be ascribed to blocking the synthesis of isoprenoid intermediates such as geranylgeranylpyrophosphate (GGPP) and farnesylpyrophosphate (FPP). These intermediates are responsible for isoprenylation of the small GTP-binding proteins, including members of Rho, Rac, and Ras families[@ref13][@ref14][@ref15]. These molecules play a pivotal role in intracellular signal transduction pathways such as synovial cell survival, apoptosis, and differentiation[@ref16][@ref17]. However, the apoptotic signaling of statins is not fully established and generalized owing to diverse, unique actions of every statin.

To screen and study the unique effects of diverse statins, primary FLSs from RA patients have been used. Despite the benefits of primary FLS, there are some drawbacks such as the difficulties to collect and establish, the lack of reproducibilities owing to the heterogenous clones, and inconsistent results because of non-standardized patient samples. To overcome this, we hypothesized that synovial cell line would be more suitable than primary synoviocytes. Of candidate cell lines, SW982 cell line has been used for examining the effects of anti-inflammatory drug. However, direct evidence and scientific rationale for alternative cell line to primary FLS is unclear. To clarify this, fluvastatin-induced apoptosis signaling was tested in SW982 cells. Fluvastatin has been shown as a novel therapeutic agent for RA[@ref12][@ref18][@ref19], and has also been reported to induce apoptosis in RA synoviocytes through blocking of protein geranylgeranylation[@ref12]. However, how fluvastatin induces apoptosis signaling of TNFα inflamed synoviocytes is not fully understood. Specifically, phosphoinositide-3-kinase (PI3K)-Akt pathway triggered by fluvastatin in SW982 cells is unknown. To address this issue, adopting convenient, reproducible SW982 cell line, we investigated whether fluvastatin would trigger RhoA-Rac1 and PI3K-Akt signal pathway in TNFα-stimulated SW982 cells.

Material & Methods {#sec1-1}
==================

The study was conducted in Department of Microbiology, Yonsei University, Wonju College of Medicine, Wonju, Republic of Korea.

*Cell culture*: The human synovial cell line SW982 was obtained from the American Type Culture Collection (Rockville, USA). The SW982 cells were routinely cultured in T-150 flasks (Corning) and grown in Dulbecco\'s modified Eagle medium (DMEM) with 2 mM L-glutamine, 10 per cent foetal bovine serum (FBS), and 1 per cent Pen-Strep (Invitrogen, USA) at 37°C, 5 per cent CO~2~.

*Antibodies and reagents*: Fluvastatin was purchased from Novartis (Basel, Switzerland) and was prepared as a 4 mg/ml (10 mM) stock solution. GGPP and FPP were obtained from Sigma-Aldrich (St. Louis, USA). Anti-β-actin, anti-PARP, anti-phospho-ERK1/2, anti-phospho-p38 MAPK, anti-phospho-Akt, and anti-phospho-Bad were obtained from Cell Signaling (San Diego, USA). The geranylgeranyl transferase inhibitor GGTI-298, the farnesyl transferase inhibitor FTI-277, and the Rho kinase inhibitor Y-27632 were purchased from Calbiochem (La Jolla, USA). Human recombinant TNFα was obtained from R&D Systems (Minneapolis, USA). Anti-RhoA and anti-Rac1 were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, USA) and BD Biosciences (Ontario, Canada), respectively.

*Western blot analysis*: The SW982 cells were seeded in 35-mm plastic dishes (3 × 10[@ref5] cells per dish). Before treatment with fluvastatin, cells were cultured for 24 h in the presence or absence of 10 ng/ml TNFα. Then, fluvastatin was added to the wells for different time periods. Cells were lysed in lysis buffer \[50 mM Tris-HCl (*p*H 7.4), 150 mM NaCl, 1 % Triton X-100, 0.5 % sodium deoxycholate, 1 mM sodium orthovanadate, 1 μg/ml aprotinin, 10 μg/ml leupeptin, and 1 μg/ml pepstatin A\]. After centrifugation at 13,000 × g at 4°C for 30 min, the supernatant was collected; 20 μg of lysate from each sample was run on a 15 per cent SDS-polyacrylamide gel and then electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P; Millipore Corp, USA). The PVDF membranes were blocked in blocking buffer \[tris buffered saline with tween 20 (TBST) containing 5% BSA\] overnight at 4°C, incubated with primary antibodies overnight at 4°C, washed, and incubated with goat anti-rabbit horse radish peroxidase (HRP) or anti-mouse HRP (Sigma-Aldrich, St. Louis, USA) for 1 h at room temperature. The membrane was developed with enhanced chemiluminescence (ECL) substrate (Amersham Life Sciences, Arlington Heights, USA), and exposed to Biomax MS autoradiography X-ray film (Kodak, Rochester, USA).

*Cell viability*: The SW982 cells were plated in 100 μl at a concentration of 1 × 10[@ref5] cells/ml in a 96-well plate. Before treatment with or without fluvastatin, these were cultured for 24 h in the presence or absence of 10 ng/ml TNFα. Fluvastatin was added to the wells, and the cells were cultured for various periods of time. Where indicated, SW982 cell culture media was supplemented with 10 μM GGPP or 10 μM FPP at the time of fluvastatin addition. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. In brief, MTT solution (50 μl) was added to each well. After 3 h, the medium was removed completely from each well, and then 200 μl of 40 mM HCl-isopropanol lysis buffer was added to each well. One hundred μl of cell lysate was transferred into each well of a 96-well plate. Absorbance at 570 nm was measured with a microplate reader (SpecraMax M2e; Bucher Biotech, Basel, Switzerland). Data are shown as values relative to the control with a control value of 100 per cent.

*Annexin V/propidium iodide (PI) staining*: As mentioned above, SW982 cells were cultured with or without fluvastatin (10 μM) and 10 ng/ml TNFα. To quantify cell death and apoptotic cell populations, SW982 cells were trypsinized, washed with phosphate buffer saline (PBS), and resuspended in a binding buffer (10 mM Hepes, *p*H 7.4, 140 mM NaCl, 2.5 mM CaCl~2~) prior to staining. Analysis of apoptosis was carried out by double-labelling for annexin V/propidium iodide (PI) (Pharmingen, San Diego, USA) and PI staining. A minimum of 10,000 cells/sample were analyzed on a FACScan flow cytometer (Becton Dickinson, USA) as described previously[@ref14].

*Mitochondrial membrane potential assay*: The mitochondrial membrane potentials (MMP) of the cells were determined by flow cytometry with the membrane-potential-sensitive dye, JC-1 (Molecular Probes Inc., USA). JC-1 is a dual-emission fluorescent dye that exhibits potential-dependent accumulation in mitochondria, leading to a fluorescence emission shift from green on the FL-1 detector (530 nm) to red on the FL-2 (590 nm) detector. Normal cells with high mitochondrial membrane potential show an increase in red fluorescence. Mitochondrial damage is indicated by a decrease in the red/green fluorescence intensity ratio. SW982 cells were cultured with or without fluvastatin (10 μM) and 10 ng/ml TNFα. Then, 1 × 10[@ref6] cells were washed and loaded with JC-1 (10 μM) for 20 min at 37°C. The cells were subsequently washed and analyzed using a FACScan flow cytometer (Becton Dickinson, USA). The same incubation time was used for the control and the fluvastatin and/or TNFα-treated samples.

*Triton X-114 Phase partitioning*: SW982 cells were incubated for 24 h with 10 μM fluvastatin in the presence or absence of 10 μM GGPP or 10 μM FPP. Integral membrane proteins were extracted by Triton X-114 as described previously[@ref13]. Briefly, 200 μl of lysis solution (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 1.0% Triton X-114) was added to each well of a six-well culture plate, and the plate was incubated on ice for 30 min. Samples were scraped from the plate and after 3 min incubation at 37°C, the samples were centrifuged at 300 g for 3 min to separate the phases. The upper aqueous phase was rinsed twice; Triton X-114 and buffer were then added to the aqueous and detergent phases, respectively, to yield equal volumes and approximately the same salt and detergent concentrations in both fractions. Samples were analyzed by immunoblotting, as described above.

*Statistical analysis*: Results are presented as mean ± standard deviation. The mean values among groups were analyzed and compared by one-way analysis of variance (ANOVA) followed by subsequent multiple comparison test (Tukey) with GraphPad Prism version 4.0 software packages (GraphPad Software, La Jolla, CA, USA). *P* values less than 0.05 were considered significant.

Results {#sec1-2}
=======

*Fluvastatin affects cell proliferation in a dose-dependent manner and induces apoptosis in by TNFα-stimulated SW982 human synovial cells*: TNFα-stimulated SW982 cells were subjected to the escalated concentrations of fluvastatin for 24 h, and then cell viability was assessed using the MTT assay. Fluvastatin inhibited the proliferation of TNFα-stimulated SW982 cells. The stimulated SW982 cells were sensitive to fluvastatin, with viabilities of 85 ± 11 per cent at 1 μM, 57.6 ± 6.67 per cent at 10 μM, and 29 ± 6.56 per cent at 50 μM fluvastatin ([Fig. 1](#F1){ref-type="fig"}). Further it was investigated whether the fluvastatin-induced cell death was due to apoptosis. Annexin V staining showed that treatment with fluvastatin significantly increased apoptosis of the stimulated SW982 human synovial cells in a dose-and time dependent manner ([Fig. 2](#F2){ref-type="fig"}). The stimulated SW982 cells exhibited apoptotic frequencies of 10 ± 2 per cent at 1 μM, 50 ± 8 per cent at 10 μM, and 80 ± 11 per cent at 50 μM fluvastatin. These results were similar to the MTT assay results, indicating that fluvastatin induced apoptotic cell death in a dose-dependent manner.

![Reduction of cell viability by fluvastatin. TNFα-stimulated SW982 synovial cells were incubated with or without 0-50 μM fluvastatin for 24 h. Cell viability was determined by MTT assay. Data were obtained from duplicate experiments using three different samples. \**P*\<0.05, \*\**P*\<0.01 compared to control (medium only).](IJMR-139-117-g001){#F1}

![Influence of fluvastatin on the apoptosis of TNFα-stimulated SW982 synovial cells. Apoptosis was measured by flow cytometry after staining with annexin V. **(A)** The escalated fluvastatin concentrations (0-50 μM) resulted in a linear increase in the apoptotic response. **(B)** Cells were cultured for various durations (0-48 h) in the presence of 10 μM fluvastatin. \*\**P*\<0.01compared to control (medium only).](IJMR-139-117-g002){#F2}

*Fluvastatin-induced apoptosis is associated with increased translocation of isoprenylated RhoA and Rac1 proteins from the cell membrane to the cytosol in TNFα-stimulated SW982 human synovial cells*: Both FPP and GGPP are essential for the activation of a variety of intracellular proteins. Rho family proteins are located either in the cytoplasm or in the membrane, and these translocate between these two sites. Decreased expression of membrane-associated Rho family RhoA and Rac1 small G proteins was observed in the presence of fluvastatin in contrast to those of the control samples. The concentrations of RhoA and Rac1 increased in the cytoplasm, as determined by Triton X-114 partitioning. Supplementation of the culture medium with GGPP restored RhoA and Rac1 to the membrane.

To further ascertain the role of the RhoA protein in apoptosis, the effect of the RhoA kinase inhibitor Y-27362 was investigated. TNFα-stimulated SW982 human synovial cells were incubated in the presence or absence of Y-27632 at a concentration of 20 μM for 24 h. As shown in [Fig. 3](#F3){ref-type="fig"}, inhibition of RhoA kinase resulted in a reduction in cell viability and an increase in apoptotic cell death. These findings suggested that fluvastatin-induced apoptosis was closely associated with RhoA signaling.

![Effects of RhoA kinase inhibitors on apoptosis of TNF-α-stimulated SW982 cells. Cells were incubated for 48 h with medium alone, 10 μM fluvastatin, or 20 μM Y-27632. Apoptosis was measured by flow cytometer after staining with annexin V. \**P*\<0.05, \*\**P*\<0.01 compared to control (medium only).](IJMR-139-117-g003){#F3}

*A GGPP inhibitor, but not an FPP inhibitor, induces apoptosis in SW982 human synovial cells stimulated by TNFα*: After a 24 h incubation with inhibitors (GGTI-298 or FTI-277), cell viability was determined, and apoptosis was measured. The GGPP inhibitor, GGTI-298, significantly decreased cell viability ([Fig. 4A](#F4){ref-type="fig"}) and markedly increased apoptosis at a concentration of 20 μM ([Fig. 4B](#F4){ref-type="fig"}). The FPP inhibitor, FTI-277, little affected cell viability or apoptotic cell death.

![Effects of the geranylgeranyl transferase inhibitor GGTI-298 and the farnesyl transferase inhibitor FTI-277 on cell viability and apoptosis. TNFα-stimulated SW982 cells were incubated with 10 μM GGTI-298 or 10 μM FTI-277. The geranylgeranyl transferase inhibitor, but not the farnesyltransferase inhibitor, induced apoptosis. Data were obtained from duplicate experiments using three different samples. **(A)** Cell viability was determined by MTT assays. \*\**P*\<0.01 compared between CGTI and FTI. **(B)** Apoptosis was measured by flow cytometry after staining with annexin V. \*\**P*\<0.01 compared to control (medium only).](IJMR-139-117-g004){#F4}

*Fluvastatin-induced apoptosis is associated with the inhibition the PI3K/Akt pathway in TNFα-stimulated SW982 human synovial cells*: To ascertain additional downstream effectors of Rho proteins, the PI3K/Akt and p38 MAPK pathways were examined. SW982 human synovial cells stimulated by TNFα were treated with fluvastatin, and the kinetics of PI3K/Akt and p38 MAPK phosphorylations were examined. After treatment with fluvastatin, the activation of Akt was suppressed, whereas the phosphorylations of ERK1/2 and p38 MAPK were sustained ([Fig. 5A](#F5){ref-type="fig"}). Fluvastatin in TNFα-stimulated SW982 human synovial cells significantly reduced the expression of phosphorylated Bad. The PI3K/Akt inhibitor, LY294002 significantly enhanced apoptosis, whereas the ERK inhibitor, PD98059 and the p38 MAPK inhibitor, SB203580 failed to significantly induce apoptosis ([Fig. 5B](#F5){ref-type="fig"}).

![Effects of fluvastatin on the phosphorylations of ERK1/2, p38 MAPK, Akt, and Bad. After treatment with fluvastatin, phospho-Akt expression was suppressed whereas phosphorylations of ERK1/2 and p38 MAPK were sustained. Furthermore, phospho-Bad expression was significantly reduced. **(A)** TNFα-stimulated SW982 cells were treated with fluvastatin for 24 h. Cell lysates were subjected to SDS-PAGE and immunoblotted with anti-phospho-ERK1/2, anti-phospho-p38 MAPK, anti-phospho-Akt, or anti-phospho-Bad antibodies. Equal amounts of protein were loaded in each lane, and equal loading was confirmed by immunoblotting with an anti-β-actin antibody. **(B)** TNFα-stimulated SW982 cells were incubated for 24 h in the presence of 10 μM fluvastatin, 50 μM PD98059, 10 μM SB203580, or 15 μM LY294002. Apoptosis was measured by flow cytometry after staining with annexin V. The results are representative of two independents experiments. \**P*\<0.05 compared to control (medium only).](IJMR-139-117-g005){#F5}

*Increased poly (ADP-ribose) polymerase (PARP) cleavage indicates that fluvastatin induces the apoptosis of SW982 human synovial cells stimulated by TNFα via caspase-dependent pathways*: After a 24 h incubation, fluvastatin-treated cells displayed the disrupted mitochondrial transmembrane potentials ([Fig. 6A](#F6){ref-type="fig"}) and markedly increased PARP cleavage activity ([Fig. 6B](#F6){ref-type="fig"}).

![Effects of fluvastatin on mitochondrial transmembrane potentials (MMP) and PARP cleavage activity. TNFα-stimulated SW982 cells were cultured for 24 h in the presence of 10 μM fluvastatin. (A) Cells were stained with JC-1. Data are representative of three independent experiments. MMP, mitochondrial membrane potential. (B) The expression of cleaved PARP was detected by immunoblotting. The results are representative of two independent experiments. \*\**P*\<0.01 compared to control (medium only).](IJMR-139-117-g006){#F6}

Discussion {#sec1-3}
==========

Our results showed that fluvastatin induced apoptosis via the inactivation of RhoA and Rac1 proteins and the inhibition of the PI3K/Akt pathway in TNFα-stimulated SW982 cells. Further, fluvastatin inhibited SW982 cells in a dose- and time-dependent fashion and induced apoptosis via the mitochondria and caspase pathway. These results were compatible with the apoptotic data of fluvastatin-treated synoviocytes from RA patient[@ref20]. Our data plus numerous studies support that the human SW982 synovial cell line shares similar physiological and immunological properties such as cytokine expression and signaling profiles with primary human type B synovial cells[@ref21][@ref22][@ref23]. Furthermore, TNFα stimulation of SW982 might lead to mimicking the inflammatory status of synovial cells, typically seen in RA patients. In that context, SW982 would be useful in comparing the efficacies of a wide array of statins including fluvastin for the treatment of RA. Fluvastatin triggered the PI3K/Akt/Bad signal path, as was evident by the decreased Akt and Bad phosphorylation as well as the increased apoptosis after fluvastatin and specific PI3K inhibitor treatment.

The Akt-dependent signal transduction pathway plays an essential role in preventing apoptosis in various cell death paradigms[@ref24][@ref25][@ref26]. A growing body of evidence showed that FLS obtained from RA patients expressed higher levels of pAkt38, further incurring synovial hyperplasia and inflammation observed in RA patients[@ref27]. Interestingly, pre-treatment with an Akt inhibitor, LY294002 enhanced apoptosis in TNFα-stimulated SW982 cells. These findings imply that fluvastatin might effectively reduce the pAkt levels and promote apoptosis of the inflamed synoviocytes in RA patients. Our data demonstrate that reduction of Akt phosphorylation is one of the critical events during fluvastatin-induced apoptosis. Fluvastatin inhibited the proliferation of TNF-α-stimulated SW982 cells through the inhibition of a geranylgeranyl pyrophosphate intermediate. This was in line with fluvastatin-induced apoptosis of the inflamed synoviocytes in RA patients, and further supported by the fact that pleiotropic effects of statins are closely linked to the inhibition of geranylgeranylation of small G proteins[@ref20]. Such proteins are involved in the survival of non-malignant cells such as endothelial cells, osteoclasts, and cardiac myoblasts[@ref28][@ref29][@ref30]. Taken together, our results suggest that fluvastatin-induced apoptotic cell death in TNFα-stimulated SW982 human synovial cells may be due to the inhibition of the geranylgeranylation of proteins.

To define the role of RhoA kinase, Y-27632 was used against TNFα-stimulated SW982 cell. Treatment with Y-27632 significantly induced apoptosis indicating that the RhoA/RhoA kinase might confer a survival signal for TNFα-stimulated SW982 cells. These findings were consistent with current studies that RhoA/Rac1-regulated Akt culminated in an anti-apoptotic signal[@ref25]. However, we could not rule out the possibility that other geranylgeranylated proteins might also be involved. Through PARP cleavage and disrupted MMP, it was confirmed that fluvastatin-induced apoptosis might be mediated via caspase dependent pathway. Further, the decreased expression of proapoptotic molecule, Bad phosporylation strongly pointed out that fluvastatin might induce apoptosis of the inflamed human FLS via PI3K/Akt/Bad, mitochondria and caspase pathway.

In conclusion, our data indicate that fluvastatin induces apoptotic cell death in TNFα-stimulated SW982 human synovial cells through the inactivation of the geranylgerenylated membrane fraction of RhoA and Rac1 proteins and the subsequent inhibition of the PI3K/Akt signaling pathway. This finding confers evidence about the validity of SW982 cell line for RA study.
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